Purpose The low degree of polymerization of coldcured acrylics has resulted in inferior mechanical properties and fracture vulnerability in orthodontics removable appliances. Methods In this study, the effect of reinforcement by various concentrations of chopped E-glass fibers (0%, 1%, 2%, 3% and 5% by weight of resin powder) and post-curing microwave irradiation (800 W for 3 min) on the flexural strength of cold-cured acrylics was evaluated at various storage conditions (at room temperature for 1 day and 7 days; at water storage for 7, 14 and 30 days). Results The data was analyzed by using 1-way and 2-way ANOVA, and a Tukey post hoc test (α = .05). The specimens with chopped E-glass fibers treated with post-curing microwave irradiation significantly increased the flexural strength of cold-cured PMMA. The optimal concentration might be 2% fibers under irradiation. Conclusions The exhibited reinforcement effect lasted in a consistent trend for 14 days in water storage. A new fiber-acrylic mixing method was also developed.
Introduction
Acrylic resin poly(methylmethacrylate) (PMMA) was introduced as a denture base polymer in the late 1930s and it gained popularity due to its low cost, easy manipulation, satisfactory appearance and dimensional stability [1, 2] . To initiate the polymerization of methylmethacrylate (MMA), a free radical mechanism generated by benzoyl peroxide is involved, and this initiation step may be activated by heat or by chemicals such as N, N-dimethyl-p-toluidine. The PMMA product that requires heat for activation is named heatcured PMMA, whereas cold-cured PMMA or autopolymerized PMMA refers to the product that is chemically activated [3] . Usually, heat-cured PMMA is used as the so-called "gum-work" for removable full dentures or removable partial dentures [4] ; the cold-cured PMMA is used for denture repair, reline and orthodontic removable appliances involved in thumb deterrent, tipping teeth, block movements, overbite reduction, space maintenance and retention [5] [6] [7] .
The degree of polymerization (DP) in cold-cured PMMA is low. Thus, inferior mechanical strength is exhibited and the low DP leads to more unreacted MMA monomers than for heat-cured PMMA [3, 8] .
In the challenging oral environment in which PMMA is subjected to interact with endogenous substances including saliva with its enzymes, proteins, polysaccharides and bacteria, and exogenous substances from the dietary intake; water sorption also from saliva; shear and compression forces generated by chewing action, as well as thermal and chemical fluctuation during dietary intake. Thus, changes in the chemical, physical and biomechanical properties of PMMA are expected [9] . Therefore, cold-cured PMMA is more vulnerable to fracture. In a randomized trial study, it was found that the survival rate in one year of both maxillary and mandibular Hawley retainers was about 70%, with fractures as the major reason for failure and thus the need for reinforcement of acrylic retainers was suggested [10] .
Although several methods are advocated to reinforce PMMA, there are advantages and disadvantages for each method. For example, incorporation of a low-molecular-weight polybutadienestyrene rubber was suggested to enhance the impact strength of PMMA without compromising the Young's modulus, viscoelastic properties and viscosity [11] . However, the high cost of rubber is a major concern [12] . Metal inserts such as stainless steel and brass in the form of wires, plates, lingual bars and meshes are another reinforcing methods and had shown them to increase the transverse strength [13, 14] . Given this, the inserts treated with some surface treatments, such as sandblasting and a silanizing technique, were demonstrated to elevate the fracture resistance [15, 16] . Even so, carbon fibers in strand and woven mat form might also be added into PMMA for reinforcement [17] . Nevertheless, carbon fibers are very difficult in handling and polishing. The aesthetic issue of the black color and the potential toxicity also has limited the use of carbon fibers [12] . Aramid fibers have exhibited the capability of increasing the impact strength and transverse strength of PMMA [18, 19] . However, mucosal irritation and discomfort [19] and the inherent yellow color are problematic [12] . Ultra-high molecular weight polyethylene (UHMWPE) fibers were also suggested as reinforcing materials for PMMA, but there remains the lack of effective bonding to PMMA [20] . On the other hand, UHMWPE fibers reduced the water sorption and dimensional changes of PMMA [21] .
Given this, glass fibers seem to be the most suitable reinforcing materials for PMMA due to the proven enhancement in its mechanical properties [22] [23] [24] [25] [26] [27] [28] [29] . Glass fibers are predominantly made of silicon dioxide, with the addition of some other metal oxides. The bonding is effective to PMMA after silanization [30, 31] and good embedding of PMMA to the polymer-preimpregnated glass fibers [23, 32, 33] . In the fabrication of orthodontic retainers using cold-cured PMMA, the so-called "sprinkle method" is often employed to construct the appliance. It involves dispensing the monomers and polymers directly onto the working model [34] . Using chopped glass fibers incorporated into the resin powder-monomer liquid mixture might be the most compatible method for reinforcement [35] . However, chopped glass fibers were shown to deliver a limited reinforcement effect [24] . Due to this limitation, extra treatment of cold-cured PMMA together with chopped glass fiber may achieve a more potential effect than the sole treatment on reinforcement. Microwave irradiation at the post-curing stage of cold-cured PMMA might be an appropriate option. A study has shown that post-curing microwave irradiation of pure coldcured PMMA improved the fracture toughness and the Vickers hardness [36] . Moreover, it was reported that the microwave treatment influenced the stronger bonding at the glass fiber-epoxy resin interface [37] .
To date, there are no studies demonstrating the effect of combining chopped glass fibers reinforcement and post-curing microwave irradiation on the mechanical properties of cold-cured PMMA. Thus, the aim of this in vitro study was to determine the effect of various concentrations of chopped E-glass fibers on the flexural strength of cold-cured PMMA with post-curing microwave irradiation.
Materials and Methods

Specimen Preparation
In this study, 50 test groups, each contains randomly assigned 12 beam-shaped specimens, were used for flexural strength testing according to Table 1 . The required materials are silanized E-glass fibers (Ahlstrom Fibreglass Ltd, Karhula, Finland, Lot No. R338-2400/V/P) and cold-cured PMMA (Ivoclar Vivadent, Schaan, Liechtenstein, Lot No. K43271) for specimen preparation. The manufacturer recommended usage instruction and compositions are listed at the Table 2 .
Firstly, silanized E-glass fibers were chopped into 3 mm long chopped fibres using a cutting blade. Then, the required weight of chopper fibers (as 0%, 1%, 2%, 3% and 5% by weight to 20.50 g powder) was wetted with 7.50 ml methyl methacrylate, MMA, liquid which can adequately prepare 12 specimen beams for each test group. Chopped E-glass fibers, which were in bundles, were spread and carefully agitated manually to ensure proper wetting. After that, 0.500 g of the powder was added into the liquid and stirred for 10 s to form a mixture; this step was repeated for 6 times, i.e. the powder was added as increments to ensure a proper blending. Further stirring of the mixture for 2 min was required to ensure proper embedding of chopped fibers into the MMA matrix. The fibers were then found to be finely dispersed in the mixture and a pale blue color of the mixture was observed; however, its role or significance was not studied further. The pale blue color remained until the next preparation step. The remaining required resin powder (i.e. 17.00 g) was added into the viscous mixture of chopped E-glass fiber and PMMA blend, followed by the addition of the remaining MMA liquid (2.50 ml). After that, the mixture was mixed thoroughly for 1 min to ensure that a fine dough-like consistency was formed. To prepare the specimen beams (45.5 mm × 4.5 mm × 6.5 mm), the thoroughly mixed dough was packed into the stainless steel mold (which was first coated with a thin layer of Vaseline for easy detachment of the set of specimen beams) and then kept by a clamp at a pressure of 23 bar for 30 min. Finally, all beams were detached from the mold.
Next, for the specimens that required post-curing microwave irradiation, they were detached from the stainless steel mold and immediately treated in a microwave oven (Panasonic, NN-S215WF) at 800 W (high power) for 3 min. Three specimens were held in a microwavable plastic box (20 cm × 10 cm × 5 cm) and 2 boxes were placed into the microwave oven for each time.
Specimen Aging
Upon the completion of the specimen preparation, 360 specimens were immersed in water for storage according to Table 1 . Six specimen beams (1 set) were fully covered by 80 ml deionized water in a plastic beaker. The plastic beaker was covered with a plastic wrap and stored in an incubator at a constant temperature of 37
• C and with 99% humidity. The water storage times were 7, 14 and 30 days. As for the control, remaining 240 specimens were also stored at room temperature (21
• C) and at a constant humidity (76%), for 1 day and 7 days; this was done in order to examine the effect of water storage on the flexural strength of the reinforced PMMA specimens.
Testing the Specimens
A universal testing machine (ElectroPuls™ E3000, Instron Industrial Products, Grove City, PA, USA) was employed for the three-point bending tests. The span length between 2 supports was 20.0 mm and the crosshead speed was 1.0 mm/min during loading. Load and deflection were recorded with Console software (Instron Industrial Products) and the load-deflection curves were plotted. The maximum load was applied to formula (1) to calculate the flexural strength of these rectangular beams:
where Ó Flexural strength in three-point bending F Maximum load on the load-deflection curve L Span length between two supports b Width of the specimen h Height of the specimen
Statistical Analysis
The mean value and the standard deviation of the flexural strength in each test group were calculated and statistically analyzed by using software Predictive Analytics SoftWare (PASW) Statistics 18.0 (Statistical Package for Statistical Science Inc., Chicago, IL, USA). The level of statistical significance α was set at 0.05. 1-way ANOVA and the Tukey multiple comparisons post hoc analysis were performed ( p < 0.05) to compare the testing groups in different water storage days. 2-way ANOVA was also applied to determine the main significant effects of fiber concentration and microwave irradiation, and the interaction effect of fiber and microwave irradiation.
Failure Mode Analysis
Fractured specimens from each test group were selected for investigation of fracture surfaces using scanning electron microscopy. Samples were fixed on aluminum sample holders, and then sputtered with gold in an ion sputter device (JFC-1100, JEOL, Tokyo, Japan). Samples were then examined by taking images with a scanning electron microscope (XL30CP Philips, Eindhoven, The Netherlands) for fracture morphology, adhesion and embedding of fibers into the PMMA matrix.
Results
The mean values and standard deviations for the tested specimens are shown in Table 3 , and in Figs. 1, 2, 3, 4 and 5.
For the storage condition at room temperature and humidity for 1 day, the group with 3% fiber and microwave treatment ( p = 0.003), and the groups with 5% fiber regardless of microwave treatment ( p 0.003) exhibited a significant increase in the flexural strength values compared with the control group. After the storage at room temperature and humidity for 7 days, all groups except the non-microwave treated specimen in 1% and 2% fiber concentration were found to have a flexural strength higher than the control group. After water storage for 7 days, the number of specimen groups that exhibited the reinforcement effect decreased compared with storage condition at room temperature and humidity for 7 days: for non-microwave treated groups, all lost the reinforcement effect except the group with 5% fiber concentration; whereas all microwave treated groups still exhibited a significant reinforcement effect ( p 0.01) excluding the group with a 1% fiber concentration. Further water storage in 14 days diminished the reinforcement effect of most of the specimen groups and only the group with a 2% fiber concentration and microwave treatment as well as the non-microwave treated specimen group with a 3% fiber concentration maintained the reinforcement. After 30 days water storage, no specimen group was found to have any reinforcement effect ( p > 0.05).
The effects of fiber concentration and post-curing microwave irradiation on the flexural strength of different test groups compared by 2-way ANOVA are summarized in Table 4 . The results of 2-way ANOVA showed that both fiber concentration and microwave treatment had significant effects on the reinforcement of cold-cured PMMA under storage at room temperature and humidity for 1 day and 7 days, and water storage for 7 days ( p < 0.001). However, when the length of water storage time increased to 14 days, the effect of fiber remained ( p < 0.05) but the effect of microwave treatment vanished ( p > 0.05). After 30 days water storage, fiber concentration and microwave treatment had significant effects ( p < 0.05) contributed to the flexural strength, however, no test groups exhibited any significant reinforcement effect. The result of 2-way ANOVA further showed that there was no significant interaction between the fibers and the microwave irradiation for all storage conditions except when in storage for 30 days ( p = 0.017). The SEM micrographs of fracture surface clearly showed that there was no void formation around the fibers (Fig. 6 ) and the specimens had an even distribution of fibers (Fig. 7) .
Discussion
The results of this study suggested that the combination of chopped E-glass fibers and post-curing microwave irradiation might yield a stronger reinforcement than the standalone method. The achieved reinforcement in this study is also superior to other studies involving chopped glass fibers to reinforce PMMA using a compression molding method in specimen preparation and under the same storage conditions [22, 24] . Despite the outcome that there was no reinforcement of cold-cured PMMA after 30 days in water storage for all test groups, the group with a 2% fiber concentration and treated with the post-curing microwave irradiation was demonstrated to deliver reinforcement in a consistent trend that has the reinforcing ability at room temperature and humid conditions (Fig. 2) , after water storage for 7 days (Fig. 3 ) and for 14 days (Fig. 4) .
For the test groups with fiber concentration higher than 2%, the reinforcing capacity was shown to disappear after 14 days water storage. This may be due to the higher fiber content in the acrylic resin; i.e. more glass fibers are proximal to the surface which is more vulnerable to hydrolytic degradation [38] which, on the other hand, may leach out boron oxide (B 2 O 3 ) and lead to the formation of "micro-void" spaces in the PMMA specimen. These "micro-void" spaces created during water storage lowered the mechanical properties of the PMMA and outweigh the reinforcement effect by the glass fibers. Therefore, PMMA reinforced with a 2% fiber concentration and treated with post-curing microwave irradiation seemed to be the most effective combination to reinforce cold-cured PMMA.
However, the number of groups with reinforcement ability declines upon water storage for 7 days and only 2 groups exhibited the ability to reinforce the cold-cured PMMA after 14 days in water storage. This suggests that water has an adverse effect on the reinforcing power of E-glass fibers. In fact, the very small water molecules are able to penetrate into the PMMA due to the polar group present in the molecular structure of PMMA [9] , and the water may cause hydrolytic degradation of the glass fibers and leach out the B 2 O 3 from the fiber surface. Thus, the strength of glass fibers is reduced [38] .
The water storage time was set at the maximum of 30 days because it has been reported in an in vitro study that reduction in flexural properties of glass fiber reinforced PMMA occurred during the first 4 weeks of storage in water and remained approximately at that level for 180 weeks [39] . Thus, the effect of 30 days water storage on the flexural strength of glass fiber reinforced PMMA could reflect the flexural strength after long term water storage. However, in the oral environment, the reinforced PMMA is subjected to the interaction with components from complexity such as diet, saliva and body enzymes. Hence, the reinforcement by the glass fibers may be further reduced.
It has been reported that in the case of an epoxy resin reinforced with glass fibers, there was interaction between microwave irradiation and glass fiber reinforcement which leads to stronger bonding at the fiber/matrix interphase [37] . However, in the current study, the 2-way ANOVA has rejected the presence of interaction between the fibers and the microwave treatment in the storage conditions where a reinforcement effect was observed (i.e. for storage at room temperature and at ambient humidity, water storage in 7 days and 14 days) under the treatment conditions, i.e. the fiber concentration, power and time of microwave irradiation employed in this study. Therefore, there was no improvement in bonding between the fibers and the PMMA matrix after the microwave irradiation.
When chopped glass fibers are applied to reinforce PMMA, some previous studies described the procedure of using of a "minimum" amount of MMA liquid to wet the glass fibers, and then mix the wetted glass fibers with the resin powder [22, 24] . In fact, the suggestion to use MMA liquid to wet the glass fibers was advised in the instructions of use by the manufacturer [22, 24] . Two noteworthy issues emerged when such a procedure was followed: firstly, the "minimum" amount of MMA would immediately be absorbed by the bulk mass of resin powder. Hence, the glass fibers could not be dispersed throughout the resin matrix but they would rather aggregate, to form fiber clusters. The inner cores of such aggregated glass fibers were impossible to be embedded into the viscous resin-monomer matrix, and resulted in a poor impregnation and this compromised the biomechanical properties accordingly. By using compression molding, an uneven distribution of glass fibers and voids surrounding the glass fibers (as seen in the SEM image from another study) has substantiated this problem [22] . Another issue of using some extra MMA to wet the glass fibers is the concern of residual monomers released from the PMMA and the potential allergy responses of the patient [40] . This is why some other monomers have been investigated as alternative options [35] .
To solve the first issue mentioned above, it was suggested to use injection molding instead of compression molding to fabricate the acrylic dental appliances. Promising results in terms of transverse strength and impact strength, as well as desirable fiber impregnation, were obtained [22] . However, in the fabrication of orthodontic removable appliances, where the so-called "sprinkle technique" is employed, injection molding may not be applicable. In the present study, a new mixing method in which the chopped glass fibers are pre-wetted by some MMA liquid, and then the resin powder was added in small increments to form a semisolid mixture, was developed. The SEM images (Figs. 6 and 7) suggested that a good fiber impregnation was achieved. Another advantage is that no extra monomer was needed. The sample preparation may not be perfect i.e. it is always a matter of the operator, but we may claim it is at least a workable formulation and method for a dentist or a dental technician to use glass fiber mixing into commercial cold-cured acrylic, without a change of procedure.
The E-glass fibers were pre-treated with a silane coupling agent during the manufacturing. Theoretically, such a design may allow a chemical bonding to be formed between the fibers and the PMMA matrix. However, as seen in the SEM images of the fracture surfaces (Figs. 6 and 7) , the surface of the pulled-out glass fiber was very smooth. This implies the bonding between the glass fibers and the PMMA matrix was not adequate enough. A better bonding between glass fibers and the resin matrix might be carried by pre-impregnation of glass fibers with a thermoplastic polymer. The porous structure in the polymer pre-impregnated glass fibers enables the matrix to obtain both mechanical and chemical bonding. When pre-impregnated glass fibers are used, it is expected that there will be a greater reinforcement effect [32] .
In the current study all microwave post-cured results showed higher flexural strength values than the nonmicrowave treated analogues at room temperature and at ambient humidity ( Figs. 1 and 2 ). It has been reported that post-curing microwave irradiation could reduce the amount of residual monomers [41] . Although the report did not find out the underlying reason, nor residual monomer analysis such as chromatography was not conducted in the current study, the specimens were treated solely with the microwave irradiation. The exhibited reinforcement effect was probably due to the irradiated heat which subsequently polymerizes the resin into a higher degree by reducing the residual monomers. It might be useful to determine the exact mechanism and the degree of polymerization in the glass fiber impregnated and microwave irradiated PMMA in the near future.
When the microwave irradiation is applied, there are a couple of precautions: firstly, higher power and longer irradiation time provide more heat that reduces the amount of residual monomers and improves the mechanical properties of the resin. However, overexposure of microwave irradiation will cause the color change of the specimen which maybe an aesthetic issue. For microwave irradiation of more than 3 min, the specimens become white in color and at the same time lose their transparency. When the microwave irradiation was set to 5 min, the specimens even turned brownish or yellowish. Thus, the microwave irradiation time in the current study was set to 3 min. Secondly, the container holding the specimen also matters. A glass beaker was once used to hold the specimen into the microwave oven and a color change of the specimen occurred in 3 min of irradiation. It is possibly due to the better retention of atmospheric moisture on the surface of the glass beaker which may generate some extra heat due to the interaction between moisture and the microwaves. Therefore, a dry microwavable plastic container is recommended for use. Thirdly, the number of specimens placed into the microwave oven will affect the quality of irradiation. If too many specimens were placed into the microwave oven, the polymerization (an exothermic reaction) heat generated in each specimen would accumulate and a very high ambient temperature would be generated locally. It was also observed that there was a color change of specimens (white color and loss of transparency) after 3 min of irradiation when too many specimens were processed in one go. This may be due to the chemical change of components in the PMMA resin and the oxidation of the polymerization reaction activator, a tertiary amine N, N-dimethyl-ptoluidine which produces a yellow color upon oxidation [42] . Therefore, in the current study, the microwave irradiation was processed in 2 microwavable plastic containers that held 6 specimens (i.e. 3 specimens in each plastic container) for 3 min each time.
There might be some limitations in the current study to bear in mind. Firstly, only a domestic microwave oven was employed and it had been reported that there was fluctuation of power in a domestic microwave oven [43] . Thus, there might be variations in the irradiation quality of specimens. However, it may not be costeffective to employ an industrial microwave oven in the study even at the dental clinic or laboratory. Secondly, the E-glass fibers were chopped manually in this study. This may have resulted in the damaged silane coating in the proximity of the cut surfaces of the chopped fibers (i.e. the surfaces on 2 heads of the individual chopped fiber). These unsilanized cut surfaces on the chopped glass fibers had no chemical bonding to the PMMA matrix and thus may have lead to the weakening. To minimize this problem, adequate spreading of the chopped fibers is required to avoid the accumulation of the unsilanized cut surfaces to form a large glass fiber/PMMA interphase where no chemical bonding is available, if manual chopping was performed. Thirdly, strictly speaking, the used equation (1) is actually applicable to linear elastic behavior. In the groups without reinforcement or microwave treatment, the material behavior is nonlinear and this might have lead to an overestimation of the flexural strength measured. Using a uniaxial tensile test might be an option for the near future studies with similar type of testing set-up.
Hence the bonding between the chopped glass fibers and the PMMA matrix was probably not adequate. Future studies could be conducted to improve the adhesion between the fibers and the matrix in the aspects of the silane to achieve a stronger chemical bonding, and of the usage of pre-impregnated glass fibers to obtain mechanical retention between the fibers and the matrix. In this regard, not only the adhesion between the fibers and the matrix could be studied, but also the effects of increased hydrophobicity of the glass fibers which might alter the susceptibility to hydrolytic degradation.
Conclusions
1. Within the concentration of chopped E-glass fibers in 3 mm and time and power of the microwave irradiation, the incorporation of chopped E-glass fibers in combination with a post-curing microwave irradiation resulted in a significant increase in the flexural strength of the cold-cured PMMA. 2. The reinforcement effect delivered by the incorporation of chopped E-glass fibers and post-curing microwave irradiation diminished as the number of days kept in water storage was increasing. 3. The most effective combination of treatments to obtain a significant increase in flexural strength was 2% (wt. to the resin) fiber concentration with postcuring microwave irradiation. A consistent trend of the reinforcement effect in water storage at 37
• C was produced and the reinforcement effect lasted for 14 days. 4. Finally, as an outcome, a new mixing method which might be applicable with the "sprinkle method" in the fabrication of orthodontic removable appliances was successfully developed.
